A highly specific transport and sorting machinery directing secretory cargo to the apical or basolateral plasma membrane maintains the characteristic polarized architecture of epithelial cells.
as with endosomal and lysosomal compartments. 14 Moreover, experiments with ovine glandular epithelial cells suggested that ovine Mx1 regulates unconventional secretory pathways. 15 Recently, our lab identified canine Mx1 on post-Golgi transport vesicles directed to the apical membrane of epithelial cells. 16 Epithelial cells are characterized by a highly specialized organization of their plasma membrane. This involves its separation into the apical and the basolateral membrane domain, which are separated by the tight junctional complex, as well as a complete reorganization of the cytoskeletal architecture. Both surface domains differ in their protein and lipid composition. Establishment and maintenance of this epithelial asymmetry depend on a well-organized polarized sorting and trafficking machinery that specifically directs secretory cargo to the corresponding target membrane. Following Golgi-release cargo destined for the apical plasma membrane is sorted in sorting endosomes into apical transport vesicles. [17] [18] [19] Cytoskeletal tracks for these vesicles in polarized MDCK cells are mainly composed of microtubules, which are organized vertically along the apicobasolateral axis of the cell. A small population of dynamic microtubules originates from the microtubule (MT)-organizing center, with the plus end extending to the apical membrane. 20 Subcellular transport along these tracks is mediated by distinct vesicular carriers composed of a heterogeneous population of proteins including motor proteins, annexins, lectins, Rab-GTPases and cargo molecules. 21 Some of these carriers are driven by the kinesin-1 family motor proteins Kif5B and Kif5C to the apical membrane. [22] [23] [24] In general, kinesin-1 and -3 motors have been shown to direct anterograde transport of several membrane receptors such as
TrkA-/TrkB-neurotrophin receptors, 25, 26 the fibroblast growth factor receptor 27 and the epidermal growth factor receptor. 28 Here, we confirm previous data showing that the cytosolic pro- vesicles. In addition, apical protein secretion was depleted by the expression of an Mx1-variant mutated in the surface-exposed loop L4, which is critical for lipid interaction. 11 This variant, which still interacts with the kinesin motor, elongates Mx1-positive structures.
Thus, our results suggest that Mx1 participates in two steps of apical protein trafficking. It aids in vesicle fission and stabilizes the interaction of Kif5B with transport vesicles.
2 | RESULTS
| Mx1 dynamically associates with membranes of the ER and of endosomes
At first, the subcellular distribution of Mx1 in MDCK cells was analyzed by immunofluorescence using monoclonal and polyclonal antiMx1 antibodies for confocal microscopy analysis. Antibodies directed against the ER-Golgi intermediate compartment resident ERGIC53, endosomal Rab8, Alix from multivesicular bodies or nuclear SC35
were costained for comparison. Figure 1 indicates that Mx1 was present in a punctate pattern in the cytosol, which significantly colocalizes with Rab 8 from common and Alix from multivesicular endosomes. Negative controls of the antibodies used are depicted in Supporting Information Figure S1 in Appendix S1, and no colocalization was detected with nuclear SC35. This is in good agreement with our previously published observations. 16 In addition, substantial quantities of Mx1 were found on ERGIC53-positive vesicular structures.
ERGIC53 is found on a network of smooth membranes coming from an early compartment in the secretory pathway, the ER. 29 The presence of Mx1, Rab8 and ERGIC53 on transport vesicles was confirmed by immunoisolation of vesicles cargoing the apical neurotrophin receptor (p75) from MDCK p75-GFP cells 16 ( Figure 1E ). This nicely coincides with previous data identifying Mx1 or Rab8 on isolated apical transport vesicles. 16, 17 In addition, we biochemically assessed the presence of Mx1 in multivesicular bodies. Exosomes are released if multivesicular bodies merge with the cell membrane. 30 We therefore isolated exosomes from MDCK cells and analyzed them by immunoblot. Figure 1F confirms that Mx1 and Alix are exosome components.
Together, our fluorescence microscopic and biochemical findings suggest that Mx1 can be detected on early or late intermediates of the secretory pathway and on multivesicular endosomes.
Next, we wanted to assess the dynamics of the association of Mx1 with these vesicular structures in living cells. Therefore, we studied fluorescence recovery after photobleaching (FRAP) of fluorescently tagged Mx1-eGFP expressed in CV-1 in origin, carrying SV40 clone 7 cells (COS-7) (Figure 2A ,B, Supporting Information Movie S1) or in MDCK Mx1-eGFP cells ( Figure 2C ). The recovery dynamics shows a recovery half-life of about 44 seconds ( Figure 2B ). For comparison, the recovery kinetics of distinct cytosolic proteins is indicated in Table 1 . 3D-FRAP analysis confirmed that fluorescence recovery of the bleached region and not compensation by vesicular traffic from a distinct focal plane was recorded ( Figure 2C ). This suggests that fluorescence recovery of the bleached regions is based on the cytosolic recruitment of non-bleached Mx1-eGFP. In conclusion, the spatial and temporal distributions of Mx1 in MDCK cells indicate that this GTPase dynamically associates with early and late compartments of the secretory pathway.
2.2 | Mx1-labeled compartment dynamics relies on the proximity to and integrity of microtubules Figure S2D ). Nevertheless, tracking of these structures showed that especially nocodazole treatment affected their mobility in living cells (Supporting Information Figure S2E ). If we categorized the vesicle displacement length in short-range (≤0.99 μm) and long-range (>0.99 μm) transport over a time period between 190 and 400 seconds, long-range transport was significantly impaired following microtubule depolymerization ( Figure 3A ). These findings are in line with the current view that microtubules provide the tracks for movement over long distances while actin filaments provide movement within local regions of the cytoplasm 41 and suggest that Mx1-positive structures move along microtubules. Consequently, increased short-range mobility in the presence of nocodazole can be Colocalization was estimated via the Manders' colocalization coefficient. Data are represented as means AE SD, and the significance was tested with student's t test (***P < 0.001), n = 3 independent experiments. Colocalization: Colocalization channel. E, p75-GFP-containing vesicles were immunoisolated from polarized MDCK p75-GFP cells after TGN block (V-IP) and analyzed by immunoblot. Precipitations with non-specific IgG as well as polarized MDCK cells were used as control. Antibodies directed against Mx1, ERGIC53 and Rab8 were used to check their mutual presence on isolated p75-GFP vesicles. F, Immunoblot analysis of the exosomal fractions from polarized MDCK cells. Cell culture supernatants were collected overnight and submitted to sequential centrifugation steps. Isolated exosomes contained the exosomal marker Alix, Tsg101 and Mx1. PDI was used as nonexosomal-negative control protein. GFP, green fluorescent protein; IgG, Immunglobulin G; MDCK, Madin-Darby Canine Kidney; V-IP, vesicle-immunoprecipitation with the large GTPase ( Figure 4D ). MDCK cells solely expressing eGFP were used as a negative control (Supporting Information Figure S3H ). In addition, endogenously expressed Mx1 was coimmunoprecipitated with Mx1-eGFP, thus confirming the previously described intracellular oligomerization of Mx proteins. 44 Together, these experiments strongly suggest that Mx1 directly or indirectly binds to α-tubulin in vitro and in living cells.
| Mx1 interacts with the kinesin motor Kif5B
Based on the observation that Mx1 is present on apical transport vesicles 16 and that these vesicles are transported by the microtubule motor Figure S5E , F), whereas polarized sorting was not impaired following knockout of Mx1. Our findings thus correspond to the previously published reduction in apical transport following Mx1-knockdown. 16 Next,
we wanted to assess, if this deceleration is linked to the presence of the kinesin motor Kif5B on apical transport vesicles. Therefore, fully polarized enates were fractionated by ultracentrifugation, and vesicles carrying p75-GFP were immunoisolated. 22 Immunoblot of the isolated vesicle fractions showed that significantly less Kif5B was precipitated with vesicles derived from MDCK ΔMx1 + p75-GFP than from MDCK p75-GFP cells ( Figure 5F ,G). This suggests that Mx1 on post-TGN vesicles stabilizes the vesicle-interaction of the Kif5B motor.
FIGURE 5 Legend on next coloumn.
| Mx1-eGFP K549-552A interacts with α-tubulin and Kif5B and alters vesicle morphology
We then studied the involvement of the unstructured L4 loop of Mx1 in kinesin motor protein binding and vesicle traffic. This domain of the GTPase comprises a stretch of four lysine residues, which are critical for membrane interaction if exchanged by glutamic acid. 11 To alter the interaction motif of this exposed loop, the four lysines were mutated to ala- We then checked if the dynamic association of Mx1 with these structures was affected by L4 loop mutation in FRAP experiments. PLA signals were significantly increased in pAb anti-Kif5B and mAb anti-Mx1-treated cells compared to the negative control. Data are presented as mean PLA signal count per cell AE SD, significance was tested with student's t test (*P < 0.05; ***P < 0.001), n = 3 independent experiments. D, For coimmunoprecipitation analysis polarized MDCK Mx1-eGFP cells were used. The fusion protein Mx1-eGFP and its binding partners were immunoprecipitated using GFP-nanobody beads and detected by immunoblotting with pAb anti-Kif5B. Kif5B was identified as a novel Mx1 interacting partner. Representative results, n = 8 independent experiments. E, Quantification of the immunoblot data as shown in D indicates that a highly significant amount of Kif5B was bound to Mx1-eGFP in polarized MDCK cells, confirming a high binding specificity. Data are represented as means AE SD, significance was tested with student's t test (***P < 0.001), n = 8 independent experiments. F, In order to accumulate newly synthesized p75-GFP in the TGN, MDCK p75-GFP and MDCK ΔMx1 + p75-GFP cells were incubated at 20 C for 4 hours, followed by a TGN release at 37 C for 10 minutes. Cell homogenates were loaded onto a step nycodenz gradient. After ultracentrifugation, p75-GFP positive postGolgi vesicles were immunoisolated with pAb anti-GFP antibodies. Lysates, input, preclearing beads (PC) and immunoprecipitates (V-IP) were separated by SDS-PAGE and labeled with pAb anti-Kif5B, mAb anti-GFP and mAb anti-Mx1 antibodies by immunoblot. Representative results, n = 4 independent experiments. G, Quantification of precipitated Kif5B associated to p75-GFP positive membranes from four independent experiments is shown. Significantly less Kif5B is able to bind to p75-GFP positive membranes in MDCK ΔMx1 + p75-GFP cells compared to MDCK p75-GFP cells. Data are represented as means AE SD, significance was tested with student's t test (**P < 0.01), n = 4 independent experiments. eGFP, enhanced green fluorescent protein; GFP, green fluorescent protein; hnRNP, heterogeneous nuclear ribonucleoprotein; IP, immunoprecipitation; KHC, kinesin heavy chain; Kif5B, kinesin family member 5B; MDCK, Madin-Darby Canine Kidney; PC, pre-clearing; PLA, proximity ligation assay; V-IP, vesicleimmunoprecipitation Figure 8A and B indicates that fluorescence recovery of the bleached regions is significantly retarded in cells expressing the L4 loop mutant (half-life: 61 seconds), thus confirming the proposed role of the L4 domain in membrane interaction (Supporting Information Movie S2).
Evidence for changes in the assembly kinetics of the L4 mutant comes from coimmunoprecipitation experiments. As shown in Figure 4C , FIGURE 6 Legend on next page. expression. This confirms our fluorescence microscopic observations and suggests that the Mx1-eGFP K549-552A mutant leads to defects in vesicle scission of apical transport carriers.
| DISCUSSION
Here, we continued our analysis on the implementation of Mx1 in intracellular trafficking. This large GTPase was found on early and late compartments of the secretory pathway. These compartments are dynamic and move along microtubule tracks. Microtubules are indispensable for cargo transport in the secretory pathway. The first compartment of this pathway, the ER, is omnipresent throughout the cytoplasm and plays a major role in controlling the movement and overall positioning of endosomes. 47 This implies a close proximity among the ER, endosomal organelles and the microtubule network as previously described. 48 It thus seems that Mx1 accumulates on contact sites between the ER and the endosomal system. In line with this idea, Mx1 or its orthologue MxA has been found on the smooth ER 2,3,10,11,14,49,50 and on endosomal membranes. 12, 16, 51, 52 The question is what role Mx proteins play on these membranes? Preferential interaction of MxA with microtubules has previously been described in human embryonic lung cells 53 and ovine glandular epithelial cells. 5 Our studies now show that the interaction between microtubules, the kinesin motor Kif5B and apical transport vesicles are favored in the presence of Mx1. A similar interaction between ER-resident protrudin and the kinesin motor Kif5 in post-Golgi transport from the soma to neurites of neuronal cells has recently been published. 54 In these highly polarized neurons, protrudin serves as an adaptor protein that forms a complex comprising the kinesin motor and membrane-associated cargoes including endosomal Rab11. Close proximity of the ER to these endosomal locations then allows the control of later steps in the secretory pathway as suggested for membrane contact sites 55 . Mx1 is thus a likely candidate involved in the control of endosomal trafficking by tethering together microtubules, Kif5B and endosomes to form transport vesicles.
This idea is further supported by the observation that apical trafficking is affected following Mx1-knockout. The lack of effect on basolateral transport is intriguing because many concepts of protein sorting in epithelial cells propose that apical and basolateral proteins are segregated in a postGolgi sorting step. 56 However, studies on the polarized proteoglycan transport suggest that apical and basolateral routes are segregated early in the Golgi apparatus before the TGN. 57 This idea was confirmed by experiments showing that polarized targeting of glycosyl-phosphatidylinositol-anchored 58 or transmembrane proteins 59 depends on lipid microdomains formed prior to maturation in the Golgi apparatus. A major involvement of Mx1 in apical protein transport pathways starting early in the secretory pathway prior to the cis-Golgi apparatus thus seems plausible.
Up to now, the focus has been on the antiviral activity of Mx proteins and a panoply of viral target structures has been described as interaction partners. The antiviral activity of the human orthologue MxA depends, for example, on its binding capacity to host factors like the RNA helicases UAP56 and URH49 60 or directly to viral components like Thogoto virus nucleocapsids. 61 Here, nucleocapsid interaction is stabilized by the GTP bound form of MxA, and it has been suggested that MxA-polymerization around viral ribonucleoparticles disrupts viral replication. Very recently four interaction sites, which 143 vesicles; MDCK ΔMx1 + Mx1-eGFP K549-552A : 129 vesicles) are depicted with error bars AE SD. Significance was calculated with student's t test (**P < 0.01; ***P < 0.001). E, Scheme showing the average shape and size of Mx1-eGFP and Mx1-eGFP K549-552A positive structures in MDCK ΔMx1 cells. Scale bar: 0.5 μm. F, co-immunoprecipitation experiments using polarized MDCK Mx1-eGFP , MDCK ΔMx1 + Mx1-eGFP and MDCK ΔMx1 + Mx1-eGFP K549-552A cells were performed as described in Figure 4C . Kif5B, Mx1 and α-tubulin were detected by immunoblot. MDCK Mx1-eGFP and MDCK ΔMx1 + Mx1-eGFP cells were used as positive controls. Negative control: GAPDH. Representative experiment is shown, n = 3 independent experiments. G and H, Quantification of the immunoblot data as shown in E indicate that a highly significant amount of Kif5B (G) and α-tubulin (H) was bound to Mx1-eGFP and Mx1-eGFP K549-552A . Quantification shows significantly less interaction of Mx1-eGFP K549-552A with Kif5B. Data are represented as means AE SD, significance was tested with student's t test (n.s. = not significant; *P < 0.01, **P < 0.01; ***P < 0.001), n = 8 independent experiments. eGFP, enhanced green fluorescent protein; GFP, green fluorescent protein; Kif5B, kinesin family member 5B; MDCK, Madin-Darby Canine Kidney; WT, wild type are required for recognition of viral structures, have been identified in the crystal structure of the stalk domain of MxA. 6 On the other hand,
MxA is also capable to modify the cellular sumoylation machinery by association with Small-Ubiquitin MOdifier 1 (SUMO1) and Ubiquitin conjugating enzyme 9 (Ubc9). 62 No obvious interference links this interaction to the antiviral activity of MxA. Structurally, the tip of the four-helical stalk of Mx proteins is a critical domain for interaction partner recognition. It is responsible for lipid binding and specific recognition of some viral structures 11, 63, 64 and incorporates the flexible L4 loop. Experimental evidence showing a proteinase K sensitivity of this L4 loop suggests that it is exposed on the surface of the stalk domain. 65 Our data show that an Mx1-variant mutated in four lysine residues of the L4 loop still interacts with the kinesin motor and tubulin. However, an obvious decrease in the assembly of the L4-mutant with endogenous Mx1, the appearance of elongated Mx1-eGFP K549-552A -positive structures and the reduction in organelle-interaction kinetics suggest that expression of this mutant most likely alters the assembly kinetics of Mx1 oligomers. This assumption is in line with a molecular model for oligomerization in the stalk region of MxA. 6 Here, deletion of the L4 loop results in the FIGURE 7 Legend on next page. BD Biosciences), Rab8 (BD Biosciences) and α-tubulin (Sigma-Aldrich).
| MATERIALS AND METHODS

| Antibodies and site-directed mutagenesis
Control rabbit IgG was purchased from Santa Cruz. Horseradish peroxidase-conjugated secondary antibodies against mouse and rabbit were obtained from Biorad (mouse and rabbit) and Santa Cruz (goat).
Alexa-labeled secondary antibodies were purchased from Thermo Fisher.
Secondary antibodies for stimulated emission depletion (STED), mouse
Star580 and rabbit StarRed were obtained from Abberior.
Mutation was tested with student's t test (*P < 0.01) of n = 3 independent experiments. C, MDCK cells were transfected with Kif5B-specific siRNA overnight. Lysates of control cells (lipofectamin treated), cells treated with luciferase-siRNA and Kif5B-depleted cells were analyzed by immunoblotting with anti-Kif5B antibodies. Anti-α-tubulin antibodies were employed as loading control. Representative result, n = 3 independent experiments. D, Quantification of experiments as in C. three independent experiments were quantified. Significance was tested with student's t test (n.s. = no significance, **P < 0.01). N = 3 independent experiments. E, Vesicle length and width of control and Kif5B-depleted cells were measured. Means from control (MDCK ΔMx1 + Mx1-eGFP : 468 vesicles, n = 3; MDCK ΔMx1 + Mx1-eGFP K549-552A : 504 vesicles, n = 3) and Kif5B-depleted cells (MDCK ΔMx1 + Mx1-eGFP : 460 vesicles, n = 3; MDCK ΔMx1 + Mx1-eGFPK549-552A : 483 vesicles, n = 3) are depicted with error bars AE SD. Significance was calculated with student's t test (*P < 0.05; ***P < 0.001). F, Non-polarized control and Kif5B-depleted MDCK ΔMx1 + Mx1-eGFP and MDCK ΔMx1 + Mx1-eGFP K549-552A cells were used for live-cell imaging. Vesicles were tracked over 400 seconds. Only tracks detected longer than 190 seconds were evaluated to reliably determine the overall track displacement length. For control cells 5821 (MDCK ΔMx1 + Mx1-eGFP ) and 7076 (MDCK ΔMx1 + Mx1-eGFP K549-552A ) fluorescent structures, for Kif5B depleted cells 4676 (MDCK ΔMx1 + Mx1-eGFP ) and 7227 (MDCK ΔMx1 + Mx1-eGFP K549-552A ) fluorescent structures were analyzed. Displacement length ≤ 0.99 μm is defined as short-range transport, >0.99 μm as long range transport. Kif5B depletion affects the motility of Mx1-eGFP-positive organelles. MDCK ΔMx1 + Mx1-eGFP : 12 cells were analyzed; MDCK ΔMx1 + Mx1-eGFP K549-552A : nine cells were analyzed per experiment. Data are represented as means AE SD, significance was tested with student's t test (*P < 0.05, ***P < 0.001), n = 3 independent experiments. eGFP, enhanced green fluorescent protein; Kif5B, kinesin family member 5B; SiRNA, small interfering RNA; MDCK, Madin-Darby Canine Kidney (Amersham) as described earlier. 16 Knockdown of Kif5B was executed essentially as previously described. 22 Cells were grown on 10-cm tissue culture dishes or on cover slips.
For live-cell imaging and immunofluorescence, subconfluent MDCK cells were used. Polarized cells were taken for coimmunoprecipitation experiments. Before each experiment, cells were chilled on ice and incubated with 33-μM nocodazole (Sigma-Aldrich) for 1, 2 or 6 hours. 71 In control experiments, cells were given the corresponding FIGURE 8 Legend on next page.
amounts of dimethyl sulphoxide (DMSO). Cells were then warmed to 37 C in the continued absence or presence of the drug for 1 hour. For live-cell imaging, MDCK Mx1-eGFP cells were treated with 0.05-μM latrunculin B (Adipogen) for 30 minutes at 37 C.
| CRISPR-Cas9 knockout of Mx1
The plasmid pSp-Cas9n(BB)-2A-Puro (PX462) V2.0 was a gift from Feng Zhang (Addgene plasmid #62987). 72 Figure 2B and Mx1-eGFP K549-552A (red). Fluorescence intensity was quantified with the Leica LAS X software. Recovery curves were normalized using double normalization with subsequent full-scale normalization. The half-life for recovery of Mx1-eGFP (t1/2 = 44.27 seconds) and Mx1-eGFP K549-552A (t1/2 = 61.15 seconds) was fitted using single term exponential equation.
| Live-cell imaging
Values show the percentage fluorescence recovery as the mean AE SD. C, The assembly kinetics of Mx1 oligomers was assessed from MDCK Mx1-eGFP and MDCK Mx1-eGFP K549-552A cells by coimmunoprecipitation analysis. Mx1-eGFP and Mx1-eGFP K549-552A were immunoprecipitated using GFP-nanobody beads and detected by immunoblotting with mAb anti-Mx1. Negative control: GAPDH. Representative results, n = 9 independent experiments. D, Quantification of the immunoblot data as depicted in C indicates that coprecipitation of endogenous Mx1 with Mx1-eGFP K549-552A is significantly reduced compared to Mx1-eGFP. Data are represented as means AE SD, significance was tested by student's t test (***P < 0.001), n = 9 independent experiments. E, Time lapse imaging of non-polarized MDCK ΔMx1 + Mx1-eGFP and MDCK ΔMx1 + Mx1-eGFP K549-552A cells. Arrowheads point at fission events. The asterisk indicates elongation of an Mx1-eGFP K549-552A positive structure. Scale bars: 5 μm. F, MDCK ΔMx1 + Mx1-eGFP and MDCK ΔMx1 + Mx1-eGFP K549-552A cells were incubated on filter insets for 5 days. Media from the apical and basolateral domain were collected for 4 hours. Cell lysates and media were analyzed by immunoblot with pAb anti-Gal3 antibodies. Anti-α-tubulin antibodies were used as internal control. Representative results, n = 3 independent experiments. Api, apical medium; baso, basolateral medium. G, Quantification of secreted Gal3 to the apical medium of MDCK ΔMx1 + Mx1-eGFP and MDCK ΔMx1 + Mx1-eGFP K549-552A cells from three independent experiments as shown in (F). significance was tested with student's t test (*P < 0.05), n = 3 independent experiments. FRAP, fluorescence recovery after photobleaching; eGFP, enhanced green fluorescent protein second set of 3773 vesicles for control cells and 3684 vesicles for latrunculin B-treated cells. Kymographs were generated using ImageJ. 
| Quantification and statistical analysis
Processing of confocal images was done with Leica LAS AF. Single MDCK cells were studied to depict colocalization channels using the Leica LAS X software. Manders' coefficients were calculated using Volocity (PerkinElmer). Proteins were designated as colocalized with
Mx and My ≥ 0.5. Western blots were quantified by densitometry with LabImage 1D L340 software (Kapelan Bio-Imaging). Data are presented as means AE SD. Two-tailed t tests were applied to determine statistical differences using GraphPad Prism 5 (Graph Pad Software).
Band densities of Western blots were measured using LabImage Recovery curves of bleached areas were calculated using nonbleached regions as internal control. Leica LAS X, Microsoft Excel and GraphPad Prism were used for quantification. Normalization was done as described earlier. Images were recorded using a 100×, NA 1.4 oil objective (Olympus).
| STED imaging
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